Introduction: Treosulfan is an alkylating agent that is used for the treatment of ovarian cancer and for conditioning prior to stem cell transplantation. It is a prodrug that is activated non-enzymatically to two active epoxides. Objectives: To optimize a protocol for both in vivo samples handling and in vitro drug preparation. Treosulfan stability was tested in biological fluids at different conditions as well as for its cytotoxicity on cell lines. Results: Plasma samples can be safely frozen for a short period up to 8 h, however; for longer periods, samples should be acidified. Urine samples and cell culture media can be safely frozen regardless their pH. For in vitro investigations, incubation of treosulfan at 37 C for 24 h activated 100% of the drug. Whole blood acidification should be avoided for the risk of hemolysis. Finally; treosulfan cytotoxicity on HL-60 cells has increased following pre-incubation for 24 h at 37 C compared to K562 cell line. Conclusion: The stability profiling of treosulfan provided a valuable reference for handling of biological samples for both in vivo and in vitro studies. These results can be utilized for further investigations concerning the drug kinetics and dynamics in addition to the development of new pharmaceutical formulations.
Introduction
Treosulfan is an alkylating agent that is used for the treatment of ovarian cancer (Chekerov et al. 2015) and in the conditioning regimen prior to hematopoietic stem cell transplantation (HSCT) due to its strong myeloablative potential (Sjoo et al. 2006; Ten Brink et al. 2014a; Remberger et al. 2017) . It is considered a promising therapeutic drug because of its beneficial toxicity profile (Ten Brink et al. 2014b) .
Treosulfan treatment dose of 5-8 g/m 2 per day for ovarian cancer is well tolerated by patients, with reversible myelosuppression (Gropp et al. 1998) . At higher doses of 10-14 g/m 2 daily for three consecutive days, treosulfan exhibits strong myeloablative and immunosuppressive effect and hence, is used in conditioning prior to HSCT (Greystoke et al. 2008; Slatter et al. 2011; Wachowiak et al. 2011) .
Treosulfan is a prodrug that is activated non-enzymatically at pH 7.4 and 37 C into two active metabolites possessing an epoxide ring: (2S,3S)-1,2-epoxy-3,4-butanediol-4-methanesulfonate (S,S-EBDM) and (2S,3S)-1,2:3,4-diepoxybutane (S,S-DEB) (Roma nski et al. 2015) . Treosulfan activation is pH and temperature dependent and stops at pH <5.0 (Feit et al. 1970; Hartley et al. 1999) . The value of the rate constant for treosulfan activation in 0.073 M phosphate buffer at pH 7.4 and 37 C was determined by a linear semilogarithmic regression (k 1 ) to be 0.45/h (Glowka et al. 2013 ). However, treosulfan activation does not depend on the phosphate buffer concentration, the ionic strength or the presence of NaCl in the solution (Roma nski et al. 2015) .
Treosulfan is a water soluble drug that is easily administered intravenously to the patients either as a single agent or in combination with other cytostatic agents (Duncan and Clayton 1985; Hilger et al. 1998; Koyyalamudi et al. 2016) . It is also available as capsules for oral administration that can provide a satisfactory non-invasive treatment alternative .
Treosulfan is a well-tolerated drug (Mahner et al. 2012; Sehouli et al. 2017 ), however; the drug peak plasma concentration (C max ) was reported to be significantly higher after intravenous administration compared to drug capsules . Moreover, higher grades of leukopenia and toxicities may occur after oral capsules of treosulfan (Sehouli et al. 2017) . Treosulfan is given also intraperitoneally to mice for preclinical experiments (AbediValugerdi et al. 2016) .
The plasma concentrations of treosulfan were reported to be best fitted by a two-compartment model. Moreover, the drug parameters such as biological half-life (t 0.5 ), volume of distribution (V ss ), and total clearance (Cl tot ) were independent of the dose Beelen et al. 2005; Nemecek et al. 2011) .
Although treosulfan is known to be activated non-enzymatically, an inter-individual variability, up to 68%, was recently reported in several studies (Ten Brink et al. 2014a; Mohanan et al. 2018; van der Stoep et al. 2017 ) while few studies were reported to develop a limited sampling model for treosulfan in pediatric patients (Ten Brink et al. 2014a; Danielak et al. 2018 ).
Since treosulfan is activated non-enzymatically, most of the previous studies have recommended acidifying the blood samples upon collection from the patients or immediately after plasma separation to avoid its ex vivo bioactivation. Such quick acidification step could be cumbersome and extra load for the nurses and medical staff in addition to the risk of hemolysis. Moreover; it was reported that samples should be frozen immediately after plasma separation (Glowka et al. 2007; Gł owka et al. 2008; Roma nski et al. 2014; Glowka et al. 2015; Koyyalamudi et al. 2016) . Same procedure was also reported for urine samples (Glowka et al. 2007; Gł owka et al. 2008) . On the other hand; treosulfan was previously reported to be stable at room temperature and at þ4 C up to 5 h and at À20 C up to 2 months without acidification (Ten Brink et al. 2014a ). These controversial results attracted us to establish a solid protocol for samples handling that keeps accurate measurements with the minimum stress on the medical staff.
Additionally, some of the in vitro experiments, such as cell culture and microsomal incubation, are rather short investigations and incubations with treosulfan can give false results since this drug needs time to be activated. We also aimed to develop an accurate protocol for treosulfan bioactivation that ends up with the active epoxides to be utilized for our upcoming in vitro studies. These investigations will certainly help us in developing new drug formulations that may reduce the drug comorbidities and can be used for low-dose outpatient treatment.
Material and methods
All stock solutions were freshly prepared and experiments were run at least in triplicates including blank, negative control, and positive control samples.
Treosulfan stability in Milli-Q water
A preliminary test was first carried out in which treosulfan (Medac, Hamburg, Germany) at a concentration of 5 mM was dissolved in Milli-Q water obtained from in-house system (measured pH 6.99) and left at room temperature for 7 d. Treosulfan was measured upon preparation, after 24 h and after 7 d.
Treosulfan stability in human plasma
Treosulfan stability was evaluated at different temperature conditions (room temperature, þ37 C, þ4 C, À20 C, and three cycles of freezing/thawing) and at different pHs (7.4, 4.5, and 8.3) over several time points up to 72 h in addition to and long term freezing at À20 C for 6 months. Samples were freshly prepared and aliquoted before storage. Frozen aliquots were thawed only at one specific time point except samples for three cycles of freezing/thawing. The intact plasma pH was measured to be 7.4. Plasma pH was acidified using 0.35 M citric acid (Sigma Aldrich, Steinheim, Germany) or alkalified using 0.1 M sodium hydroxide (Merck, Darmstadt, Germany) . It was interesting to test treosulfan bioactivation rate in alkaline pH in order to compare it with the neutral pH which can be important for drug preparation for in vitro experiments. The obtained plasma pH was initially checked using pH meter (Jenway 3510, Staffordshire, UK).
Heparinized pooled plasma from healthy individuals, obtained from the blood and transfusion center at Karolinska University Hospital, was stored at À20 C until needed.
A stock solution of 100 mM treosulfan in Milli-Q water was first prepared then diluted in plasma at various pH to reach final concentrations of 0.5, 1, and 5 mM of treosulfan. The aliquots were stored at different temperatures conditions as mentioned above. The concentrations of treosulfan in all samples were measured upon preparation and after 0.5, 1, 2, 4, 6, 8, 24, 48 , and 72 h for samples at pH 7.4 and only after 24, 48, and 72 h for the both pH 4.5 and 8.3. Treosulfan in the samples for freezing and thawing were measured after the third cycle and samples for long-term freezing were measured after 6 months of storage (Shah et al. 1991 (Shah et al. , 2000 .
Treosulfan stability in human urine
The same previous experiment in plasma was repeated to measure treosulfan stability in urine. Urine from healthy individuals was freshly collected and pooled upon the start of the experiment. Urine pH was altered similar to plasma samples and treosulfan stock solutions were prepared as previously reported. Since the physiological variability of human urine pH is high, it was important to adjust our samples pH carefully even for pH 7.4.
All samples were measured upon preparation and after 24, 48, and 72 h, with the exception of the samples for freezing and thawing that were measured after the third cycle and samples for long-term freezing that were measured after 6 months.
Treosulfan stability in cell culture media
The same experiment was also repeated to measure treosulfan stability in cell culture media using Dulbecco's Modified Eagle's medium (DMEM) (Life technologies, Paisley, UK), supplemented with 10% heat inactivated fetal bovine serum (FBS) and 1% penicillin (100 U/mL) and streptomycin (100 mg/mL) to mimic conditions used when cytotoxicity will be done for treosulfan in different cell lines.
Media pH was altered similar to plasma samples and treosulfan stock solutions were prepared as previously reported. All samples were measured upon preparation and after 24, 48, and 72 h, with the exception of the samples for freezing and thawing that were measured after the third cycle and samples for long-term freezing that were measured after 6 months.
Treosulfan in whole blood
The aim of this experiment was to evaluate the treosulfan stability during the process of plasma extraction in normal blood compared to acidified blood.
Whole blood from a healthy individual was obtained from the blood and transfusion center at Karolinska University Hospital and EDTA was used as anti-coagulant. Blood was acidified using citric acid (0.35 M, 50 mL/1 mL blood) (Gł owka et al. 2008) . Treosulfan was prepared in Milli-Q water and diluted in whole blood samples to reach final concentrations of 0.5, 1, and 5 mM. Plasma was then separated according to the hospital protocol by centrifugation at 4000 g for 10 min and samples were immediately prepared for treosulfan measurement as mentioned later in Section Treosulfan measurement using high-performance liquid chromatography (HPLC). The same experiment was also repeated in normal blood (non-acidified, pH 7.4).
Cytotoxicity assay and cell viability
The cytotoxicity of treosulfan on the leukemic cells HL-60 (DSMZ, Braunschweig, German) and K562 (LGC Promochem Ab, Borås, Sweden) was determined through the water-soluble tetrazolium salt-1 (WST-1) assay (Roche, Indianapolis, IN) . A stock solution of 1 mM treosulfan was freshly prepared in complete DMEM and diluted further in order to estimate the half maximal inhibitory concentration (IC 50 ) of treosulfan in both cells lines. Concentration used for treosulfan were; 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1 mM; and 0.05, 0.1, 0.5, 1, 2, 5, 10 mM, respectively, for HL-60 and K652 cell lines. The HL-60 cells and the K562 cells were cultivated in a complete DMEM supplemented with 10% FBS and 1% PS at 37 C with 5% CO 2 . The cytotoxicity of the cells after adding treosulfan was estimated by measuring absorbance of the viable stained cells with trypan blue at a 1:1 ratio. Cell suspension (90 lL, 10 Â 10 3 ) and treosulfan (10 lL, different concentrations) were added in each well of a 96-well plate. The experiment was carried out with five replicates for each dilution of treosulfan. The absorbance was measured at two time points, 24 h and 48 h. The controls used in this experiment were cell culture media without cells; cell culture media; and the highest concentration of treosulfan and cell culture media and cells with no treosulfan. The same experiment was repeated after pre-incubation of treosulfan in complete DMEM for 24 h at 37 C.
Treosulfan measurement using high-performance liquid chromatography (HPLC)
All treosulfan samples were prepared and measured according to Gł owka et al. (2013) . Each sample (500 mL) was mixed with an equal volume of phosphate buffer (0.01 M, pH 4.5) adjusted by 0.35 M citric acid to avoid treosulfan activation (Glowka et al. 2013 ). Acetaminophen at a concentration of 5 mM was used as an internal standard and 50 mL were added to the previous mix (Glowka et al. 2013) . Samples were vortexed, centrifuged (30,000 g) for 10 min at 4 C and filtered using a 4 mm syringe filter (Koyyalamudi et al. 2016) into HPLC tubes (100 mL). Samples prepared in cell culture media did not need any filtration and directly transferred to HPLC tubes after the vortex step.
The HPLC system used to measure treosulfan consisted of an Agilent 1100 series autosampler connected to a refractometric detector heated at 35 C. The column was a ReproSil-Pur basic C18 (150 Â 4 mm, 5 lm microspheres) purchased from Dr Maisch HPLC GmbH (Entringen, Germany). The mobile phase was composed of sodium acetate-acetic acid buffer (pH 4.5) and acetonitrile (95:5, v/v) and the flow rate was 1 ml/min (Glowka et al. 2013) . The retention time under these conditions was 7.2 min for treosulfan and 11.6 min for acetaminophen.
Because of the different matrixes used in our study, method was revalidated for plasma, urine, and cell culture media (Shah et al. 1991 (Shah et al. , 2000 . Calibration curves were run for at least three times for each matrix (plasma, urine, and cell culture media). Each curve consisted of 8-10 points in addition to the blank sample. The quantification analysis was based on the ratio peak area treosulfan/peak area IS and equal weighting in a linear regression analysis equation. Samples for quality control (QC) were run daily and randomly among the unknown samples for accuracy and precision (Shah et al. 1991) .
Data collection, chromatogram integration, and determination of the treosulfan concentrations were carried out using a Clarity chromatographic station (version 7.2, DataApex Ltd., Prague, The Czech Republic) as integration software.
Statistical analysis
Calculations, statistics and graphs were performed using Microsoft Excel and GraphPad Prism (version 5.0, Graph-Pad Software, Inc., La Jolla, CA).The absorbance values obtained from the multi-well plate reader were normalized to percentages to make the results from the two cell lines comparable.
Treosulfan concentrations were calculated as mean and standard deviation of the three experiments followed by calculating its stability at different time points as a percentage of its concentration at zero-time point. The IC 50 was calculated from the results of the cytotoxicity assay. The half-life (t 1/2 ) of treosulfan was calculated using GraphPad Prism one phase decay model.
Results and discussion
Treosulfan stability in Milli-Q water Treosulfan was 100% stable in Milli-Q water for the 7-d period at room temperature. Milli-Q water is ultrapure deionized water while treosulfan is a water soluble compound. The absence of ions in this water preserved the drug stability. Milli-Q water can be safely used for drug preparation and for testing new pharmaceutical formulation.
Treosulfan stability in human plasma
All plasma stability results are listed in Table 1 , while Figure 1 presents the short-term stability for plasma samples at pH 7.4 at different temperatures.
At room temperature, treosulfan at a concentration of 5 mM was stable up to 72 h only in the acidified plasma (94% of treosulfan left) whereas stability dropped to 5% and 1% after 48 h at pH 7.4 and 8.3, respectively. At pH 7.4, treosulfan was stable up to 80% within the first 2 h, after that it started to be metabolized till 40% at 8 h and 22% at 24 h. Similar results were obtained with samples stored at þ37 C, however; treosulfan was completely degraded within 24 h at pH 7.4. When temperature decreased to 4 or À20 C, treosulfan stability increased at both pH 7.4 and 8.3 compared with 37 C and room temperature. However, the temperature did not altered stability of treosulfan at pH 4.5.
Treosulfan degradation had almost the same pattern at different concentrations regardless the temperature. However, treosulfan had a higher half-life (10.8 h) at 5 mM compared with the halflives at 0.5 mM (4.0 h) and 1 mM (3.6 h) at room temperature. Samples at pH 8.3 (5 mM) had a half-life of 7.7 h indicating that treosulfan is metabolized more quickly at alkaline pH. Since treosulfan in acidified plasma samples was stable all the time, its halflife was not possible to be calculated. These findings are in agreement with previous reports that pharmacodynamics of drugs such as treosulfan are influenced by administration routes, distribution, metabolism and elimination (Lin and Lu 1998; Huang et al. 2010) .
Similar to samples stored at room temperature, treosulfan was stable at þ4 C only in acidified plasma. The rate of treosulfan degradation at þ4 C was slower than what was obtained at room temperature. Samples at pH 8.3 showed quicker degradation and only 16% of treosulfan was left after 72 h in comparison to 40% at pH 7.4. Samples pH 7.4, had stability of treosulfan up to 82% in the first 8 h.
Frozen samples at À20 C had the highest stability. As previous results, acidified samples were stable up to 72 h (90%) and alkalified samples had the lowest stability (52% after 72 h). In samples stored at pH 7.4, treosulfan stability was 91% at 8 h and 61% at 72 h.
Except for acidified plasma, samples measured after three cycles of freezing/thawing showed significant degradation after the third cycle when compared with the samples that were frozen at À20
C and defrosted once for measurement.
Results obtained from long-term freezing for 6 months confirmed the previous results, acidic samples were the most stable samples (94%) compared with alkalified samples (79%). Samples at pH 7.4 had concentration dependent stability; samples at concentration of 0.5 mM, had stability of 43% compared with 1 mM (60%) and 5 mM (83%). Furthermore, acidified samples were the easiest to filter after long-term freezing compared to other samples.
Currently, most of the samples from patients undergoing treatment with treosulfan are acidified after collection to prevent artificial degradation of the drug which can be an extra load for the medical staff (Glowka et al. 2007; Gł owka et al. 2008; Glowka et al., 2015; Koyyalamudi et al. 2016) . Our results are in agreement with previous publications reporting that acidified samples are more stable than samples at other pH. Plasma samples acidification could be sufficient and that the freezing step could be unnecessary as treosulfan does not degrade at acidic pH. Samples can be safely stored at room temperature up to 72 h after acidification.
On the other hand; Ten Brink et al. have reported that treosulfan in plasma was stable at þ4 C up to 5 h and at À20 C up to 2 months without acidification (Ten Brink et al. 2014a) . We have shown that samples had variable stability at different temperatures without acidification; however, freezing the samples at À20 C or less will keep them more stable for at least 24 h. Samples stored for longer time should be acidified. Acidification should also be recommended if the plasma samples are in a risk of thawing and refreezing.
To summarize; plasma samples containing treosulfan can be safely stored in À20
C for short time up to 8 h. For longer storage time or for repeated thawing/freezing, samples should be acidified to avoid treosulfan degradation and to facilitate plasma filtration. Based on these findings, some part of the dissolved treosulfan in the intravenous solution should be already activated before it enters the human body by the end of the infusion.
Treosulfan stability in urine
Similar to plasma samples, urine samples had the same pattern with slightly higher stability compared to plasma samples. At room temperature, acidified samples had stability of 98% after 72 h compared to alkalified samples (37%) and samples at pH 7.4 (61%). As in plasma, treosulfan was stable at pH 4.5 regardless the storage temperature. At both neutral and basic pH, Treosulfan was less stable at 37 C than room temperature, at 4 C or at À20 C (Table 2) . When samples were frozen at À20 C, treosulfan was over 89% stable up to 72 h regardless the samples pH. Moreover, the three cycles of thawing/freezing did not affect the samples as stability was also over 87%. Results obtained from long-term freezing for 6 months showed that all samples had treosulfan stability over 91% regardless the samples pH or drug concentrations (Table 2 ). Since treosulfan was more stable in most of the urine samples, its half-life was not possible to be calculated.
To the best of our knowledge, only few studies have previously reported treosulfan quantification in urine samples (Hilger et al. 1998 Glowka et al. 2007; Gł owka et al., 2008) . All these studies have acidified the samples upon collection. Based on results, there is no major need for urine samples to be acidified if samples are stored at À20 C or less. Treosulfan stability in cell culture media
The stability tests of treosulfan in cell culture media have confirmed our previous findings; treosulfan at room temperature was unstable, dropping to below 32% within 24 h in all samples except for those at pH 4.5 which kept the same stability up to 72 h (99%). Over the 72-h period, treosulfan degraded most quickly at pH 8.3 (1%) compared with pH 7.4 (4%).Similarly, samples at 37 C were the most unstable except for pH 4.5, with concentration of treosulfan dropping to zero over 24 h. Treosulfan was stable at 4 C only in acidic pH while the other samples had average stability of 46% after 72 h.
Treosulfan was most stable at À20 C, losing less than 8% in 24 h at all pH tested. After 72 h, treosulfan stability was up to 78% or more in all pH. Treosulfan samples that underwent three cycles of freezing and thawing were stable only at pH 4.5 (100%). Samples at pH 7.4 and 8.3 had stability of 51% and 45%, respectively. Treosulfan stability was not affected by its concentration with the exception of samples kept at room temperature which showed that 5 mM treosulfan was slightly more stable.
Following storage of samples for 6 months at À20 C, acidified samples were the most stable samples (99%) compared with alkalified samples (86%). Samples at pH 7.4 did not have concentration-dependent stability; samples at a concentration of 0.5 mM, had stability of 92% compared with 1 mM (91%) and 5 mM (97%). Similar to urine samples, treosulfan was slightly more stable in cell culture media compared with plasma (Table 3) .
The half-life of treosulfan at room temperature at pH 8.3 (9.7 h) was 32% shorter compared to that calculated at pH 7.4 (14.2 h) confirming what was observed in plasma that treosulfan is metabolized at a slightly faster rate at alkaline pH compared with neutral pH. The half-life of treosulfan did not have significant variations among lower treosulfan concentrations (8.8 h at concentration of 0.5 mM and 9.7 h at concentration of 1 mM). Similar to plasma samples, treosulfan in acidified samples was stable all the time and its half-life was not possible to be calculated.
Due to the instability at neutral pH, samples containing treosulfan should be acidified and/or stored at À20 C or lower in order to prevent significant loss of the drug. For in vitro studies such as metabolic pathway, cytotoxicity and/or inhibition or induction of cytochrome P450 enzymes, rapid activation of treosulfan may be required; hence pre-incubation of treosulfan at 37 C could be used since 100% of treosulfan is activated within 24 h.
There was a significant loss of treosulfan following three cycles of thawing and refreezing at À20 C in comparison with samples that were thawed only once. It would be optimal to prepare the treosulfan fresh for in vitro studies; however, if freezing was required aliquots should be made so that the treosulfan is thawed only once.
These results demonstrate that treosulfan stability in DMEM is pH and temperature dependent but not concentration dependent. To the best of our knowledge; this is the first study to examine the stability of treosulfan in cell culture media.
Treosulfan in whole blood
No significant difference was found in treosulfan degradation in neutral blood samples compared with acidified samples (93%). Treosulfan was stable during the short process of plasma separation (86%, 93%, and 100% for treosulfan concentrations of 0.5, 1, and 5 mM, respectively). Obviously there is a trend of concentration-dependent stability; samples with expected low treosulfan concentrations should be centrifuged quickly and plasma should immediately be acidified or quantified.
Acidified plasma was hemolyzed compared with the other samples (Supplementary Figure 1) . These hemolyzed samples may not be valid for other biochemical investigations as the hemolysis can interfere with several methods of detection. Figure 1 . Short-term stability for plasma samples at pH 7.4 at different temperatures. Treosulfan stability in plasma was evaluated at different temperature conditions (room temperature, þ4 C and À20 C) for short-term incubation at pH 7.4 over several time points up to 8 h and different treosulfan concentrations. Treosulfan degraded almost in the same pattern at different temperatures regardless the drug concentration. At room temperature, treosulfan was stable up to 80% in the first 2 h, after that it started to be metabolized. The rate of treosulfan degradation at þ4 C was slower than what was obtained at room temperature. Frozen samples at À20 C had the highest stability; treosulfan stability was 91% at 8 h. Plasma samples containing treosulfan can be safely stored at À20 C for short period up to 8 h.
As mentioned previously, samples from patients undergoing treatment with treosulfan are acidified upon collection (Glowka et al. 2007; Gł owka et al., 2008; Glowka et al., 2015; Koyyalamudi et al. 2016) . Our results have shown that treosulfan is stable in whole blood during plasma separation. Moreover, the risk for samples hemolysis is rather high when samples are acidified. In agreement with our results; Ten Brink et al. have also reported that treosulfan in whole blood samples is stable during 5 h at room temperature without acidification (Ten Brink et al. 2014a) .
Cytotoxicity assay and cell viability
Our results showed that HL-60 cell line was more sensitive to treosulfan compared with K562 cell line. The HL-60 cells showed that 90% and 20% of the cells were viable after 24 and 48 h, respectively. In order to estimate the IC 50 in HL-60 cells, the concentrations of treosulfan were further adjusted. The final concentrations of treosulfan chosen were 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 mM. HL-60 cells viability was concentration dependent; the IC 50 of HL-60 cells after 24 h (9.2 lM) was almost six times higher than the IC 50 after 48 h (1.6 lM). The present results are in agreement with the previously reported IC 50 values (Gil et al. 2007 ).
On the other hand, no toxicity was observed in K562 cells up to a concentration of 0.1 mM treosulfan. The concentrations of treosulfan were further adjusted to 0.05, 0.1, 0.5, 1, 2, 5, and 10 mM in order to calculate the IC 50 . Higher concentrations of treosulfan (up to 5 mM) were required to kill the K562 cells after 24 h. These findings are consistent with previous studies of the effects of treosulfan on K562 cells which showed that cross-links form slowly up to 1 mM (Hartley et al. 1999 ). In K562 cells, the IC 50 after 24 h (151 lM) was more than two times higher than the IC 50 after 48 h (62 lM). The IC 50 values obtained for K562 cells were in accordance with the values reported previously (Hartley et al. 1999; Munkelt et al. 2008) .
As mentioned previously; the IC 50 of the K562 cells was higher than the value for the HL-60 cells after 24 h. K562 cells are a chronic myeloid leukemia (CML) cell line while HL-60 cells are an acute myeloid leukemia (AML) cell line, the IC 50 values suggest that CML patients can be more resistant to treosulfan compared with AML patients explaining the higher frequency and efficacy of treosulfan use nowadays for conditioning regimen prior to stem cell transplantation in AML -compared with CML -patients (Holowiecki et al. 2008; Gyurkocza et al. 2014; Maschan et al. 2016; Holtick et al. 2017; Nagler et al. 2017; Sakellari et al. 2017) .
In agreement with our results obtained for the stability of treosulfan at pH 7.4 and 37 C, the IC 50 values indicates that treosulfan becomes more active over time, leading to an increase in cell death in both cell lines studied. These findings are supported by previous studies of the effect of treosulfan on protein kinase C (PKC) which showed that PKC-d underwent membrane translocation in the presence of treosulfan that led to apoptosis (Schmidmaier et al. 2004) .
Several mechanisms of drug resistance employed by cancer cells is known, they includes drug inactivation, drug target alteration, drug efflux, DNA damage repair, and cell death inhibition (Housman et al. 2014) . The apoptotic effects of etoposide, another cytostatic agent, were previously examined on both K562 and HL-60 cells and showed also that K562 were more resistant to apoptosis than HL-60 cells (Sanchez-Garcia and Martin-Zanca 1997; (Martins et al. 1997 ). In accordance with our results, the K562 cells were killed only after incubation with high doses of treosulfan compared with the HL-60 cells but also signs of K562 cell death were only observed after 24 h treatment with 100 lM treosulfan. In agreement with Martins et al., the HL-60 cells were apoptosis proficient with signs of apoptosis within 2-3 h (Martins et al. 1997) . HL-60 cell death had increased following treosulfan pre-incubation for 24 h at 37 C. Only 52% of the cells were viable after pre-incubation with 0.01 mM treosulfan compared with 80% of cells following treatment with freshly prepared treosulfan at the same concentration. On the other hand; 90% of the K562 cells were viable following incubation with 0.01 mM treosulfan in both conditions (Figure 2) . Figure 2 . Cytotoxicity of treosulfan on (A) HL-60 and (B) K562 cells following incubationfor 24 h at 37 C. The cytotoxicity of treosulfan on the leukemic cells HL-60 and K562 was determined through the WST-1 assay. The HL-60 cell line was more sensitive to treosulfan compared with K562 cell line. The HL-60 cells decrease in cell viability was concentration dependent. On the other hand, no toxicity was found in the K562 cells up to a concentration of 0.1 mM treosulfan. The IC 50 of the HL-60 cells was 9.2 lM after 24 h and 1.6 lM after 48 h. In K562 cells, the IC 50 was 151 lM after 24 h and 62 lM after 48 h treatment. Treosulfan cytotoxicity increased following pre-incubation for 24 h at 37 C. Only 52% of the HL-60 cells were viable after treatment with the pre-incubated 0.01 mM treosulfan compared to 80% of HL-60 cells following treatment with freshly prepared treosulfan at the same concentration (A). On the other hand; 90% of the K562 cells were viable following incubation with 0.01 mM treosulfan with or without pre-incubation (B).
The results obtained for the stability of treosulfan in cell culture media at pH 7.4 have shown that following pre-incubation at 37 C for 24 h treosulfan has been bioactivated to its both active epoxides. These data could be used for further in vitro studies on the toxicity of the epoxides as individual cytotoxic entities.
Treosulfan measurement using HPLC
The limit of quantitation was 10 mM for all biological fluids and the calibration curve was linear between 25 and 5000 mM. Accuracy and precision were established from the analysis of standard curves and QCs using different matrices. R 2 for all curves was between 0.996 and 0.999 and the QC results showed a standard deviation <15% for all values obtained.
Conclusion
The stability profiling of treosulfan at different conditions was established and provided important reference for proper handling of biological samples containing treosulfan for both in vivo and in vitro studies. Biological samples containing treosulfan can be safely stored at À20 C for short time points up to 8 h. For longer storage time, samples should be acidified to avoid treosulfan degradation.
A significant higher cytotoxicity was observed HL-60 cells compared to K562 cells. Treosulfan toxicity was increased following pre-incubation for 24 h at 37 C. These data are applicable not only for in vivo studies but also for in vitro studies where treosulfan is required to be prepared before the experiment.
These results can be utilized as a corner stone for several upcoming investigations that will help in better understanding for the drug kinetics and dynamics and decrease its toxicity. Our findings will be also valuable in developing new pharmaceutical formulations that may reduce the drug comorbidities and enhance the use of low-dose outpatient treatment. Such studies are required in order to personalize treosulfan treatment and improve the clinical outcome.
